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The paper reports the results of an experimental campaign carried out on a University of Cape Town
(UCT) integrated ﬁxed-ﬁlm activated sludge (IFAS) membrane bioreactor (MBR) pilot plant. The pilot
plant was analysed in terms of chemical oxygen demand (COD) and nutrients removal, kinetic/stoi-
chiometric parameters, membrane fouling and sludge dewaterability. Moreover, the cultivable bacterial
community structure was also analysed.
The pilot plant showed excellent COD removal efﬁciency throughout experiments, with average value
higher than 98%, despite the slight variations of the inﬂuent wastewater. The achieved nitriﬁcation ef-
ﬁciency was close to 98% for most of the experiments, suggesting that the bioﬁlm in the aerobic
compartment might have sustained the complete nitriﬁcation of the inﬂuent ammonia, even for con-
centrations higher than 100 mg L1. The irreversible resistance due to superﬁcial cake deposition was the
mechanism that mostly affected the membrane fouling. Moreover, it was noticed an increase of the
resistance due pore blocking likely due to the increase of the EPSBound fraction that could derive by
bioﬁlm detachment.
The bacterial strains isolated from aerobic tank are wastewater bacteria known for exhibiting efﬁcient
heterotrophic nitriﬁcationeaerobic denitriﬁcation and producing bioﬁlm.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
Nutrients (particularly nitrogen, N, and phosphorus, P, com-
pounds) may have adverse environmental impacts when dis-
charged at high concentration (e.g., eutrophication, toxicity
towards the aquatic organisms, etc.) (Wang et al., 2006). Therefore,
nutrients abatement is an imperative requirement when dis-
charging in sensitive areas (Li et al., 2013). In the last years, several
biological and physic-chemical methods have been applied for
nutrients removal from wastewater. Among these methods, bio-
logical treatments are the most cost-effective ones (Chu andWang,
2011). Several investigations has been carried out in order to get
useful insight on biological nutrient removal (BNR) (inter alia
Wanner et al., 1992; Cosenza et al., 2013; Lu et al., 2015). BNR is
operated thanks to the activity of autotrophic bacteria,rapani).heterotrophic bacteria and polyphosphate-accumulating organ-
isms (PAOs), under alternating anaerobic/anoxic/aerobic conditions
(Naessens et al., 2012; Li et al., 2013). Traditionally, nitrogen
removal is accomplished by the joint activity of ammonia oxidizing
bacteria (AOB) and nitrite oxidizing bacteria (NOB) for nitriﬁcation,
while heterotrophic organisms are responsible of denitriﬁcation.
Biological phosphorus removal exploits PAOs ability to accumulate
P as intracellular polyphosphate under the alternation of anaerobic/
aerobic conditions. Although activated sludge are effective for
removal of organic and nutrient compounds, the overall efﬁciency
is strictly related to the performance of the solid-liquid separation
phase into the ﬁnal settler, which may suffer of separation prob-
lems (Wanner, 2002). In this context, membrane bioreactors
(MBRs) may represent a useful solution, since they enable to
disconnect the efﬁciency of the biological processes from the
biomass settling properties. In particular, MBRs generally feature
high quality efﬂuent, small footprint and low sludge production
rates compared to conventional activated sludge (CAS) systems
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the last years the integration of BNR process with MBRs has been
proposed for wastewater treatment, in order to increase the
efﬂuent quality, including such BNR processes as University of Cape
Town (UCT) process, anoxic/oxic (A/O) process and anaerobic/
anoxic/oxic (A2O) process (Hu et al., 2014). One of the major
drawbacks in MBRs is still represented by fouling phenomena that
may severely affect the ﬁltration properties of the membrane
modules (Judd and Judd, 2010). Particularly, the mixed liquor sus-
pended solid (MLSS) concentration has been recognized to play a
signiﬁcant effect on membrane fouling (Poyatos et al., 2008; Di
Trapani et al., 2014). An alternative to managing this problem is
to couple a MBR systemwith a moving bed bioﬁlm reactor (MBBR)
in an IFAS mode (Integrated Fixed Film Activated Sludge). In this
way, it enhances the simultaneous growth of suspended biomass
and bioﬁlm inside the system (Mannina et al., 2011), realizing a so-
called moving bed membrane bioreactor (MBMBR) or MBBR-based
integrated IFASmembrane bioreactor (IFAS-MBR) (Leyva-Díaz et al.,
2013; Yang et al., 2014; Mannina et al., 2017). In particular, MBBR
processes rely on the use of small plastic carrier elements that are
kept in constant motion throughout the entire volume of the
reactor, for bioﬁlm growth (Ødegaard, 2006; Di Trapani et al., 2008,
2010). These systems are especially useful when slowly growing
organisms as nitriﬁers have to be maintained inside a wastewater
treatment plant (WWTP) (Kermani et al., 2008). When combined
with a MBR system realizing a MBMBR process, there is the po-
tential to utilize best characteristics of both bioﬁlm processes and
membrane separation (Ivanovic and Leiknes, 2008). Using this
technology, the bioﬁlm system may reduce the concentration of
suspended solids thus reducing the extent of membrane fouling.
Nevertheless, IFAS-MBRs are relatively new, especially when
referring to system performance, biomass biokinetic activity and
membrane fouling tendency. Moreover, very few studies have been
reported for BNR systems adopting hybrid IFAS-MBR processes
(Yang et al., 2010). Literature reports that the successful of MBBR in
carbon and nutrient removing is related to the cultivated bacteria
community and functionality of the organisms that grow on the
surface of the carriers and to their competition with suspended
organisms (Biswas et al., 2014). Therefore, to better understand the
performance of hybrid IFAS-MBR processes, it is necessary to study
themicrobial communities structure and enzyme activities both for
bioﬁlm and suspended organisms.
The aim of the present study is to gain insight about the
behaviour of a University of Cape Town (UCT) pilot plant,
combining both MBR and MBBR technology (UCT-IFAS-MBR), for
the treatment of domestic wastewater. In particular, a UCT-IFAS-
MBR pilot plant was monitored for two months without sludge
withdrawals with the aim to investigate the system performance in
terms of organic carbon and nutrients removal, biomass biokinetic
behaviour, membrane fouling tendency and sludge features.
Furthermore, the microbial communities' structure was also eval-
uated during experiments. The derived results are relevant also in
view of the development of mathematical modelling tools for
design and manage such systems (Freni et al., 2009; Mannina and
Viviani, 2009).
2. Material and methods
2.1. UCT-IFAS-MBR system description
Three in-series reactors, anaerobic, anoxic and aerobic (volume
equal to 62 L, 102 L and 211 L, respectively) were realized in
accordance with UCT lay-out (Ekama et al., 1983). An aerated MBR
reactor (36 L) contained the ultraﬁltration hollow ﬁbre membrane
(PURON®, courtesy of Koch Membrane Systems, Inc.). The mixedliquor recycled from the MBR to the anoxic reactor (QRAS) was
previously conveyed to a 40 L oxygen depletion reactor (ODR). The
permeate extraction was replaced each 9 min by a minute of
backwashing pumping a small volume of permeate through the
membrane module from the Clean In Place (CIP) compartment.
From the volumes of the reactors and recycle ﬂows the mass frac-
tions of the reactors were calculated from Ramphao et al. (2005) to
be: anaerobic 0.071, anoxic 0.232, aerobic 0.481, MBR þ ODR 0.216.
The anoxic and aerobic compartments were ﬁlled with suspended
plastic carriers (courtesy of Amitec Co. Ltd, carriers
density ¼ 0.95 g cm3; carriers speciﬁc surface ¼ 500 m2 m3),
with a 15 and 40% ﬁlling fraction, corresponding to a net surface
area of 75 and 200 m2 m3 in the anoxic and aerobic reactor,
respectively. For the schematic layout of the UCT-IFAS-MBR pilot
plant, the reader is referred to the literature (Mannina et al., 2017).
The permeate net ﬂow rate was set equal to the inlet ﬂow rate
20 L h1 (QIN). In compliance with the UCT scheme, the recycle
ﬂows were set as follows: QR1 ¼ QIN from the anoxic to the
anaerobic reactor; QR2 ¼ 5 $ QIN from the aerobic to the MBR
reactor; QRAS ¼ 4 $ QIN from the MBR to the anoxic reactor.
The UCT-IFAS-MBR pilot plant was operated for 60 days and was
fed with a mixture of real wastewater (deriving from the University
buildings and characterized by higher ammonia content compared
to typical domestic wastewater) and synthetic wastewater. The
latter represented almost 50% of the total wastewater in terms of
COD, with the 30% constituted by readily biodegradable COD
(RBCOD) (dosed as sodium acetate), whilst the remaining 70% was
more slowly biodegradable (dosed as glycerol). The synthetic
wastewater was spiked to meet the design organic loading rate to
the pilot plant.
The inlet wastewater had the following average features:
COD ¼ 607 mg L1; total nitrogen (TN) ¼ 65 mg L1; total phos-
phorus (TP) ¼ 11 mg L1 with a COD/TN/TP ratio of 100/10.7/1.8.
The permeate ﬂux was maintained equal to 21 L m2 h1, whereas
the hydraulic retention time (HRT) was equal to 20 h. The pilot
plant was operated without sludge wasting during experiments;
therefore, it was characterized by an increasing value (indeﬁnite) of
the mixed liquor sludge retention time (SRT). The average value of
the liquid temperature (T) and pH were 25 C and 7.8, respectively.
The dissolved oxygen (DO) concentrations (average values) ranged
from 0.03 mg L1 in the anaerobic compartment to 5.33 in the MBR
compartment, respectively.
2.2. Analytical methods
During experiments, samples from inlet wastewater, permeate
and from each reactor were collected in order to analyse total
suspended solid (TSS) as well as volatile suspended solids (VSS)
concentrations. Organic carbon content was assessed by total
chemical oxygen demand (CODTOT), and supernatant COD (CODSUP).
Nitrogen forms (ammonium, nitrite and nitrate) and total nitrogen
(TN)were assessed as well as orthophosphate and total phosphorus
(TP). For further information regarding the analytical methods
applied, the reader is addressed to Standard Methods (APHA,
2005). A multi-parameter probe provided the dissolved oxygen
(DO) concentration as well as pH value in each reactor. Referring to
the COD removal, both the biological removal and the total removal
(after membrane ﬁltration) were assessed according to Mannina
et al. (2016a). Periodic tests on carrier samples were carried out,
in order to evaluate the bioﬁlm growth, in according to previously
reported methods (Di Trapani et al., 2014).
Biokinetic parameters were measured by means of respiro-
metric batch test carried out in accordance with Di Trapani et al.
(2015). Moreover, ammonium and nitrate utilization rate (AUR
and NUR respectively) were assessed by applying a modiﬁed
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The extracellular polymeric substances (EPSs) produced by the
bacterial metabolism were assessed throughout experiments, both
soluble or SMP (soluble microbial product) and bound to the acti-
vated sludge ﬂocs (EPSBound) (Cosenza et al., 2013).
The fouling tendency of the membrane module was assessed by
monitoring the total resistance (RT) to membrane ﬁltration, and the
speciﬁc fouling mechanisms have been assessed by applying the
resistance-in-series (RIS) model (Di Trapani et al., 2014).
Two parameters were assessed in order to provide insight
related to the sludge dewatering: capillary suction time (CST) and
speciﬁc resistance to ﬁltration (SRF) were measured in each reactor
in agreement to Mannina et al. (2016a, b).2.3. Microbial communities structure
2.3.1. Isolation of microorganisms from anoxic and aerobic tanks
In order to identify bacteria Activated sludge samples from the
anoxic and aerobic tanks were plated at different dilutions, on Luria
Bertami (LB), Mannitol Soya ﬂour (MS) and R2YE agar-media
(Kieser et al., 2000). The plates were incubated at 30 C until
appearance of microbial colonies (2e5 days). The colonies, grown
on the culture media and obtained from each sample, were selected
on the basis of the morphology and pigmentation, and repeatedly
incubated on agar-media to obtain pure cultures.2.3.2. Colony PCR of rDNA 16S gene, BLAST alignment and
phylogenetic analysis
The microbial isolates were taxonomically characterized by
their 16S rDNA sequence using the universal bacterial primers 27F
and 1492R (Frank et al., 2008) for 16S rDNA ampliﬁcation by colony
PCR as previously described (Milanesi et al., 2015). The PCRFig. 1. Proﬁle trend of CODIN, CODSUP,MBR and CODOUT (a); COD removal efﬁciencies (b); pr
triﬁcation (mdenit) and total nitrogen removal (mNtotal) (d) during experiments.products were puriﬁed by using a GenElute Plasmid MiniPrep
(Sigma-Aldrich, St Louis, USA). DNA sequencing was performed by
BMR Genomics srl (Italy, http://www.bmr-genomics.it). The ob-
tained 16S rRNA sequences were aligned with the reference Gen-
Bank sequences using the BLASTN tool of the NCBI website
(McGinnis and Madden, 2004). Phylogenetic relationships to
known species were inferred by both the neighborejoining and the
maximum likelihood methods using the software Mega6 (Tamura
et al., 2013) with the aim to determine the most closely related
specie. Two different phylogenetic trees were created for the iso-
lates from anoxic and aerobic tanks, indicated as AN and AE
respectively.3. Results and discussion
3.1. Organic carbon and nutrients removal rates
Fig. 1 reports the trend of inﬂuent COD (CODIN), supernatant of
MBR (CODSUP,MBR) and efﬂuent COD (CODOUT) throughout experi-
ments (Fig. 1a) as well as the COD removal efﬁciencies, expressed as
total (hTOT), biological (hBIO) and physical contribution due to
membrane ﬁltration (hPHYS) (Fig. 1b). Fig. 1 also shows the pattern
of inlet and permeate ammonia, efﬂuent nitrate (Fig. 1c) as well as
the achieved performance in terms of nitriﬁcation (hnit), denitriﬁ-
cation (hdenit) and nitrogen removal (hNtotal) (Fig. 1d).
The achieved results highlighted a very high total COD removal
during the experiments, with average value higher than 98%,
despite the slight variations of the feeding COD. The biological COD
removal, evaluated prior to membrane ﬁltration also showed a
satisfactory activity of the biological consortium, which includes
the bacteria isolates, reaching an average value during experiments
of 77%. The above removal efﬁciency was slight higher compared tooﬁle of NH4-NIN, NH4-NOUT and NO3-NOUT (c); performance of nitriﬁcation (mnit) deni-
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removal efﬁciency close to 87% in a similar pilot plant. This differ-
ence could be explained by the fact that Leyva-Díaz et al. operated
their system at much lower SRT, close to 11 days. The achieved
results conﬁrmed the robustness of MBR systems towards organic
carbon removal.
The obtained results highlighted an excellent nitriﬁcation per-
formance of the system, with efﬁciencies higher than 98% for most
of the experiments, due to the presence of nitrifying strains isolated
from the aerobic tank (Acinetobacter, Stenotrophomonas, Rhodo-
coccus, Aeromonas and Escherichia genera). These genera are
known for their nitriﬁcation ability (Xu et al., 2017). In particular,
Acinetobacter strains isolated from the activated sludge of a coking
wastewater treatment plant exhibited a huge ability to remove
ammonium, nitrite and nitrate (Liu et al., 2015). A reduction in
nitriﬁcation efﬁciency was noticed at day 44; however, this result is
likely related to a sudden decrease of the inlet ammonia, due to the
dilution effect of a rain event. Indeed, due to the speciﬁc compo-
sition of the feed wastewater, higher ammonia dilutions were
observed during rain events.
It is worth noting that the system was able to guarantee high
nitriﬁcation performances despite the increasing inﬂuent
ammonia, up to 100 mg L1. Due to the increasing mixed liquor SRT
of the system (no MLSS wastage), the bioﬁlm contribution towards
nitriﬁcation was only moderate. Indeed, the AUR test carried on
both activated sludge and bioﬁlm revealed the higher nitriﬁcation
ability of the suspended activated sludge. The nitriﬁcation rates
were 1.33 and 0.38 mgNH4-N g1VSS h1 for the suspended acti-
vated sludge and bioﬁlm, respectively. The TN removal showed
signiﬁcant ﬂuctuations during experiments, reaching an average
value of 62%. This result reﬂected the ﬂuctuations of the denitriﬁ-
cation efﬁciency during experiments. Nevertheless, the denitriﬁ-
cation efﬁciency showed in general an increasing trend in the last
experimental days, likely due to the contribution of bioﬁlm growth
as well as Bacillus genera (Verbaendert et al., 2011) into the anoxicFig. 2. Proﬁle of the inﬂuent and efﬂuent PO4-P concentration (a); PO4-P concencompartment. The heterotrophic nitriﬁcation/aerobic denitriﬁca-
tion ability of different Bacillus species was detected many years
ago. For example, B. subtilis A1 was employed to treat high-
strength urban wastewater and showed potential for industrial
application (Yang et al., 2011). The TN removal efﬁciency was in
good agreement with the results achieved by Leyva-Díaz and
Poyatos (2015) on a similar pilot plant.
In Fig. 2 the proﬁle of the inﬂuent and efﬂuent PO4-P concen-
trations (Fig. 2a) are shown. Additionally, the assimilated or
released PO4-P concentration inside the anaerobic and aerobic
tanks is shown in Fig. 2b and c, respectively. The average P removal
efﬁciency was quite moderate, with average value close to 40.4%.
The low performance of the biological phosphorous removal could
be due to the increase of the ammonium loading rate during ex-
periments and the consequent decrease of the C/N ratio value.
Indeed, due to the moderate denitriﬁcation, the higher ammonium
loading rate promoted an increased NO3-N production that was
recycled from the anoxic to the anaerobic tank in the UCT scheme.
This nitrate interferes with PAOs activity inside the anaerobic tank
by preventing VFA generation from inﬂuent readily biodegradable
organics, promoting instead the activity of denitrifying PAOs
(DPAOs). Indeed, DPAOs have the capacity to grow under anoxic
conditions with a very low rate using NO3þ and/or NO2þ as electron
acceptor for P removal instead of oxygen, thus reducing the phos-
phorus removal efﬁciency (Hu et al., 2002; Parco et al., 2007).
Moreover, when operating the system at high SRTs the competition
for the available carbon source can hamper PAOs activity, thus
decreasing the BioP removal efﬁciency (Ge et al., 2015).
3.2. Biomass respiratory activity and biokinetic/stoichiometric
parameters
Respirometry was carried out for the assessment of the biomass
activity throughout experiments by analyzing the main stoichio-
metric/kinetic parameters. Table 1 summarizes the values achievedtration released or assimilated inside the anaerobic (b) and aerobic tank (c).
Table 1
Average values of kinetic and stoichiometric parameters throughout experiments,
referring to suspended biomass and bioﬁlm (in brackets the standard deviation
values).
Biomass
Activated sludge Bioﬁlm
Heterotrophic
YH [mgVSS mg1COD] 0.44 (±0.03) 0.44 (±0.04)
YSTO [mgCOD mg1COD] 0.71 (±0.04) 0.78 (±0.05)
mH,max [d1] 6.11 (±1.15) 0.47 (±0.13)
KS [mgCOD L1] 5.43 (±0.75) 5.05 (±0.67)
bH [d1] 0.14 (±0.07) e
SOURmax [mgO2 g1VSSh1] 19.82 (±4.10) 1.73 (±0.46)
Autotrophic
YA [mgVSS mg1N] 0.17 (±0.04) 0.31 (±0.20)
mA,max [d1] 0.23 (±0.06) 0.17 (±0.10)
KNH [mgNH4-N L1] 1.51 (±0.70) 0.65 (±0.50)
Nitrif. Rate [mgNH4 L1h1] 3.45 (±1.63) 1.10 (±0.87)
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Concerning the suspended biomass, the measured parameters
were in general consistent with literature results (Hauduc et al.,
2011). The speciﬁc respiration rates (SOURmax) and the maximum
growth rates (mH,max) of heterotrophic species showed a moderate
decreasing trend during experiments. This result was mainly
related to the fact that the UCT-IFAS-MBR pilot plant was operated
without sludge withdrawals, thus promoting a decrease in VSS
“activity”, the increase in suspended unbiodegradable VSS from the
inﬂuent and endogenous respiration. Conversely, the increasing
sludge age of the suspended consortium favored the development
of slow growing microorganisms, like the nitrifying species, that
showed an increasing pattern during experiments. Referring to the
bioﬁlm, it is worth noting that the autotrophic growth rate was
higher compared to that of suspended biomass, highlighting the
afﬁnity of bioﬁlm towards the nitriﬁcation process, despite theFig. 3. Biomass trend during experiments, referring respectively to amoderate bioﬁlm growth observed in the present study. The sig-
niﬁcant activity of autotrophic species supported the high nitriﬁ-
cation level of the system, as previously mentioned.
Furthermore, the occurrence of the storage phenomenon was
observed in both suspended biomass and bioﬁlm, related to the
ability of speciﬁc microorganisms to rapidly convert the external
organic substrate into internal storage products under dynamic
conditions (Majone et al., 1999; Di Trapani et al., 2014).
3.3. MLSS trend and bioﬁlm growth
Fig. 3 reports the pattern of suspended and attached biomass in
the different compartments throughout experiments (Fig. 3aed).
From Fig. 3, it is possible to see a general increase of the suspended
biomass concentration in the different compartments, related to
the absence of sludge withdrawal. The bioﬁlm showed a moderate
development in both the anoxic and aerobic compartments. This
result could be related to the competition between the suspended
biomass and bioﬁlm for the availability of the different substrates.
In particular, bioﬁlm detachment in the aerobic compartment was
noticed after day 25th with bioﬁlm concentrations down to 0.4 gTS
L1. This behaviour could be related to a stress effect on the bioﬁlm
caused by the speciﬁc environmental conditions and should
contribute to increase the membrane fouling of the system.
3.4. EPS production
Table 2 reports the values of EPS concentration during the
experimental campaign, expressed as carbohydrates and proteins
in microbial ﬂocs (EPSBound) and dissolved in the bulk liquid (SMP).
By analyzing the data summarized in Table 2, it is worth noting that
the SMP concentration was almost negligible compared to the
EPSBound, excepting some experimental days, especially at the
beginning of the experiments. On the other hand, the proteinnaerobic (a), anoxic (b), aerobic (c) and MBR (d) compartment.
Table 2
Speciﬁc EPSBound and SMP measured in the different compartments.
Day Anaerobic Anoxic Aerobic MBR
EPSP EPSC SMPp SMPC EPSP EPSC SMPp SMPC EPSP EPSC SMPp SMPC EPSP EPSC SMPp SMPC
mg g1TSS
2 90.13 15.97 0.00 17.11 91.94 3.11 0.00 5.86 126.71 4.92 1.31 1.40 75.14 3.63 12.12 3.32
9 85.84 0.00 52.70 97.10 121.37 78.69 34.11 28.31 83.75 48.88 4.87 1.91 69.86 0.00 14.55 63.75
16 155.64 1.81 0.00 0.00 104.57 7.36 0.00 0.00 125.09 9.99 16.07 0.00 116.66 11.10 13.29 0.00
23 135.39 5.25 3.32 0.00 120.86 11.65 6.86 1.97 116.16 13.22 0.00 4.32 116.05 14.80 16.79 4.07
30 163.83 12.71 13.16 0.00 135.60 16.04 18.20 11.95 165.09 15.35 33.09 18.79 142.78 17.33 16.10 14.91
37 180.72 15.71 21.64 0.00 169.75 24.31 0.00 0.00 170.25 24.24 0.00 0.00 180.54 23.94 12.85 0.00
44 151.00 15.64 10.34 0.00 169.44 21.19 4.54 0.00 149.93 20.02 17.59 0.00 238.64 30.46 5.93 0.00
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experiments, reaching values close to 250 mg gTSS1 in the MBR
compartment. Such values were higher compared to what was
achieved in previous trials with UCT-MBR systems (Cosenza et al.,
2013). This result could be related to bioﬁlm detachment that
might have increased the mixed liquor hydrophobicity, thus
contributing to worsen the membrane ﬁltration properties and
compromising the ﬁltration properties of the cake layer, as better
outlined in section 3.5.
3.5. Sludge dewaterability
The achieved results suggested that UCT-IFAS-MBR pilot plant
was characterized by a reasonably good sludge dewaterability. The
CST values were almost constant and slightly affected by the MLSS
concentration, with average values of 15.27, 17.27, 15.07 and 18.93 s
for the anaerobic, anoxic, aerobic and MBR compartment,
respectively.
Furthermore, the low SRF values also conﬁrmed the good sludge
ﬁltration properties, with average values for the different
compartment close to 4  1012 m kg1, signiﬁcantly lower
compared to what obtained by the same authors in previousFig. 4. Correlation between SRF and EPSBound inside the anaerobicexperiences, when treating saline wastewater contaminated by
hydrocarbons (Mannina et al., 2016b). Moreover, the activated
sludge ﬁlterability was mostly inﬂuenced by the speciﬁc EPSBound
concentration (i.e., referred to MLSS concentration). Fig. 4 shows
the relationship between SRF and EPSBound inside each
compartment.
3.6. Membrane ﬁltration properties
Fig. 5 reports the proﬁle of RT during experiments (Fig. 5a), the
speciﬁc resistance contributions (Fig. 5b) as well as the correlation
between speciﬁc resistance and EPS fractions (Fig. 5c1ec3). As
noticeable from Fig. 6a, four extraordinary physical cleanings were
carried out during experiments in order to prevent the TMP
exceeding the critical values deﬁned by the membrane manufac-
turer (0.5e0.6 bar). As depicted in Fig. 5b, the irreversible resistance
due to superﬁcial cake deposition (RC,irr) was the mechanism that
mostly affected the membrane ﬁltration properties. Moreover, it
was noticed the increase of the resistance due to pore blocking
(RPB) and a general worsening of the membrane ﬁltration proper-
ties. This result could be due to the increase of the EPSBound fraction
that could be enhanced by bioﬁlm detachment phenomena(a), anoxic (b), aerobic (c) and MBR (d) reactor, respectively.
Fig. 5. Proﬁle of total (a); and speciﬁc (b) resistances to ﬁltration; correlation between RT and EPST (c1), RPB and EPSBound (c2), RC,rev and EPSBound (c3).
Fig. 6. FR trend during experiments (a) and relationship between FR and RPB before cleaning operations (b).
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The signiﬁcant relationship that links EPS with the ﬁltration
properties of the system is depicted in the graphs reported in
Fig. 5(c1ec3), where the main correlations between speciﬁc EPS
fractions and resistance contributions are shown. According to the
technical literature (Judd and Judd, 2010), when the concentration
of EPST in the mixed liquor increases, the membrane resistance
increases as well, highlighting a worsening of the hydraulic per-
formance of the system (see Fig. 5c1). Moreover, it is worth noting
that an increase of the EPSBound content promoted an irreversible
fouling mechanism, with the increase of the RPB (Fig. 5c2). On the
other hand, the RC,rev signiﬁcantly decreased with the increase of
the EPSBound (Fig. 5c3). Such result might seem surprising at ﬁrst
sight. However, it is in good agreement with the following con-
siderations: the increase of protein content in the MBR compart-
ment (as average), which is recognized to be the most hydrophobic
fraction, determined a more “bloated” cake layer, similarly to what
happens in the bulking phenomenon that occurs in CAS plants
(Jenkins et al., 2003). Therefore, this situation signiﬁcantly wors-
ened the pre-ﬁlter effect of the cake layer (biological membrane).
As a consequence, the foulants could reach more easily the internal
pores of the membrane, thus promoting the increase of RPB
(Fig. 5c2). Moreover, the bioﬁlm detachment, rich in polymeric
substances, could negatively affect the permeability of the cakelayer, likely formed on the membrane surface, in agreement with
previous ﬁndings (Di Trapani et al., 2014). The progressive wors-
ening of the ﬁltration properties was also conﬁrmed by the fouling
rate (FR) values (Fig. 6a). Indeed, the membrane showed a general
increase of the fouling tendency, with average FR values (assessed
between two subsequent cleaning operations) of 1.23, 1.21, 1.65 and
1.81  1012m1d1, respectively. Moreover, it was found that the FR
values immediately before the cleaning operation (corresponding
to the TMP “jump”) were strongly correlated with the RPB (Fig. 6b).
Therefore, despite the main fouling mechanism was the RC,irr, the
sudden increase of the membrane fouling was strictly related to a
pore clogging mechanism.
3.7. Taxonomic diversity of cultivated bacteria collected from
anoxic and aerobic tanks
After 2e5 days of incubation, bacterial colonies appeared on the
surface of agar-medium plates inoculated with activated sludge
samples. A total of 14 isolates were selected and obtained as pure
cultivations: in particular, 8 from aerobic tank (AE) and 6 from
anoxic tank (AN), respectively. From all 14 isolates, a 16S rDNA
sequence was obtained. All the sequences showed high similarities
(99%) with sequences obtained from NCBI database (Table 3).
The 16S rRNA gene sequences produced in this work and used
Table 3
BLAST analysis of bacteria isolated from wastewater.
Isolate name Best BLAST hit(s) Accession number Sequence similarity (%)
AN_1 Bacillus vallismortis strain NBRC 101236 NR_113994.1 99
AN_2 Bacillus toyonensis strain BCT-7112 NR_121761.1 99
AN_3 Bacillus cereus ATCC 14579 NR_074540.1 99
AN_4 Bacillus cereus ATCC 14579 NR_074540.1 99
AN_5 Bacillus toyonensis strain BCT-7112 NR_121761.1 99
AN_6 Bacillus vietnamensis strain NBRC 101237 NR_113995.1 99
AE_1 Escherichia fergusonii strain ATCC 35469 NR_027549.1 99
AE_2 Acinetobacter johnsonii strain ATCC 17909 NR_117624.1 99
AE_3 Acinetobacter johnsonii strain ATCC 17909 NR_117624.1 100
AE_4 Stenotrophomonas maltophilia strain ATCC 13637 NR_112030.1 99
AE_5 Aeromonas salmonicida strain ATCC 33658 NR_118547.1 99
AE_6 Rhodococcus jialingiae strain djl-6-2 NR_115708.1 99
AE_7 Brevundimonas vesicularis strain NBRC 12165 NR_113586.1 100
AE_8 Stenotrophomonas terrae strain R-32768 NR_042569.1 99
Fig. 7. Phylogenetic analysis of cultivated bacteria (red) from aerobic tank (neighborejoining 16S rRNA gene phylogenetic tree. Numbers at the branch nodes indicate the bootstrap
percentage values obtained from 1000 resampling). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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accession numbers KY321360 to KY321373. All the isolates from
anoxic tank belonged to Bacillus genus. The isolates from aerobic
tank belonged basically to six bacterial genera: Acinetobacter,
Stenotrophomonas, Rhodococcus, Escherichia and Aeromonas.
Phylogenetic analysis conﬁrmed the taxonomic afﬁliations
retrieved by BLAST alignment; as an example, Fig. 7 shows the
phylogenetic analysis of cultivated bacteria from the aerobic tank,
whilst the phylogenetic analysis from the anoxic tank is provided as
supplementary material (Fig. S1). Bacilli isolated from anoxic tank
are facultative bacteria capable of growing with nitrate or nitrite as
electron acceptor or growing by fermentation in the absence of
oxygen (Ji et al., 2016). Moreover, the isolates related to
B. toyonensis could exhibit ﬂocculating activity (Okaiyeto et al.,
2015). All strains isolated from aerobic tank are wastewater bac-
teria known for exhibiting efﬁcient heterotrophic nitriﬁca-
tioneaerobic denitriﬁcation ability at a wide range of ammonium
loads and producing bioﬁlm (Di Bonaventura et al., 2004; Wang
et al., 2010; Chen et al., 2012; Ren et al., 2014).
4. Conclusions
The results of this study conﬁrmed a very high COD andnitriﬁcation performance in the UCT-IFAS-MBR system. Conversely,
the average P removal efﬁciency was moderate, likely due to the
high SRT of the activated sludge. The irreversible resistance due to
superﬁcial cake deposition mostly affected the membrane ﬁltra-
tion. Metagenomic analysis is useful to shed light on the overall
composition of the bacterial communities essential to remove
nutrients in this system. As ﬁnal remark, the UCT-IFAS-MBR
showed great potentiality; nevertheless, from the ﬁndings of the
study it is suggested to reduce the SRT to improve the biological
phosphorus removal, while leaving the nitriﬁcation burden to the
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